The host immune response has a key role in breast cancer progression and response to therapy. However, relative to primary invasive breast cancers, the immune milieu of breast ductal carcinoma in situ (DCIS) is less understood. Here, we profile tumor infiltrating lymphocytes and expression of the immune checkpoint ligand programmed death ligand 1 (PD-L1) in 27 cases of DCIS with known estrogen receptor (ER), progesterone receptor, and human epidermal growth factor 2 (HER-2) expression using tissue microarrays. Twenty-four cases were pure DCIS and three had associated invasive ductal carcinoma. Tumors were stained by immunohistochemistry for PD-L1, as well as the lymphocyte markers CD3, CD4, CD8, FoxP3, and CD20. The expression of PD-L1 by DCIS carcinoma cells and tumor infiltrating lymphocytes was determined, and the average tumor infiltrating lymphocytes per high power field were manually scored. None of the DCIS cells expressed PD-L1, but 81% of DCIS lesions contained PD-L1+ tumor infiltrating lymphocytes. DCIS with moderate-diffuse tumor infiltrating lymphocytes was more likely to have PD-L1+ tumor infiltrating lymphocytes (P = 0.004). Tumor infiltrating lymphocytes with high levels of PD-L1 expression (450% cells) were seen only in triple-negative DCIS (P = 0.0008), and PD-L1 − tumor infiltrating lymphocytes were seen only in ER+/HER-2 − DCIS (P = 0.12). The presence of PD-L1+ tumor infiltrating lymphocytes was associated with a younger mean patient age (P = 0.01). Further characterization of the DCIS immune microenvironment may identify useful targets for immune-based therapy and breast cancer prevention.
Data from both laboratory studies and clinical trials support an important role for the host immune response in breast cancer progression and in patient response to therapy. 1, 2 Tumor infiltrating lymphocytes, both within tumor cell nests and in tumor-associated stroma, are associated with improved patient outcomes. In treatment naive triple-negative breast carcinomas, tumor infiltrating lymphocytes are an independent prognostic factor for improved survival, 3, 4 decreased distant recurrence, 4, 5 and increased time to metastasis. 6 The presence of tumor infiltrating lymphocytes in triple-negative breast carcinomas post-neoadjuvant therapy is also prognostic, predicting longer metastasis-free and overall survival. 3 In addition, the presence of tumor infiltrating lymphocytes predicts response to therapy, as larger numbers of tumor infiltrating lymphocytes correlate with better responses to chemotherapy in triple-negative breast carcinomas and estrogen receptor (ER)-negative breast cancer, 1,2 and to trastuzumab-based chemotherapy in human epidermal growth factor receptor-2 (HER-2)-positive breast carcinomas. 5 Multiple tumor infiltrating lymphocyte subsets, including CD8 + cytotoxic T cells, CD4 + helper T cells, and CD20 + B cells, predict patient survival across the breast carcinoma subtypes. 1, 2 In contrast, high numbers of FoxP3 + regulatory T cells (Tregs) relative to CD8 + T cells predict decreased progression-free survival and overall survival 7 in breast carcinoma patients.
Gene expression profiling defined five major molecular subtypes of invasive primary breast carcinomas with unique clinicopathologic characteristics and outcomes: luminal A, luminal B, HER-2-enriched (HER-2 + ), basal-like, and normal breast-like. 8 basal-like carcinomas are typically ER − PR − HER-2 − (triple-negative breast carcinoma) with cytokeratin (CK)5/6 or epidermal growth factor (EGFR) expression. 9 The luminal A phenotype has an improved prognosis relative to luminal B, HER-2 + , or basal-like carcinomas. 9 These same gene expression profiles and immunohistochemical phenotypes are observed in ductal carcinoma in situ (DCIS), the only established precursor to invasive primary breast carcinomas. 10 Although HER-2 + breast cancers and triple-negative breast carcinomas have a poor prognosis relative to other subtypes, they typically have more vigorous tumor lymphocyte infiltrates. Larger numbers of tumor infiltrating lymphocytes are seen in ER − relative to ER + carcinomas. 11 In addition, genetic correlates of the immune response predict better survival in ER − and HER-2 + carcinomas, but not ER + carcinomas. 12 Although robust immune infiltrates are associated with ER − and HER-2 + carcinomas, evidence suggests functional skewing toward a pro-tumorigenic phenotype. High levels of Treg are more common in ER − carcinomas, 13 and predict shorter progression-free and overall survival. 7 In addition, relative to luminal A cancers, triple-negative breast carcinomas tend to harbor tumor infiltrating lymphocytes with the T helper type 2 phenotype thought to promote tumor growth. 14 Growing evidence supports a major role for immune checkpoint pathways, such as those mediated by interactions between programmed cell death protein 1 (PD-1) and programmed death ligand 1 (PD-L1), in regulating antitumor responses. 1,2 PD-1 (B7-1) is upregulated following the activation of lymphocytes and belongs to the B7-CD28 family. Its primary ligands are PD-L1 and PD-L2, which are inducible by IFN-: and other inflammatory cytokines on the surface of tumor cells and tumor infiltrating T cells, B cells, macrophages, and dendritic cells. 15 The interaction of PD-1 with PD-L1/2 inhibits T-cell activation and proliferation. 16 PD-L1 may also be constitutively expressed on tumor cells as a result of oncogenic signaling or epithelial-to-mesenchymal transition. 17, 18 Tumor cells may also counter an active antitumor immune response by upregulating PD-L1 expression through a process known as adaptive immune resistance. 19 PD-L1 is expressed on the tumor cells of invasive breast carcinomas and their associated tumor infiltrating lymphocytes 17, 18, 20 and correlates with lack of ER expression, increased numbers of tumor infiltrating lymphocytes, response to chemotherapy, and the triple-negative phenotype. 21 The role of PD-L1 expression as a prognostic factor in breast carcinoma remains unclear. In one study, PD-L1 expression was associated with improved clinical outcomes; 11 however, a separate study reported an association with negative clinical outcomes. 22 We previously reported differential patterns of tumor infiltrating lymphocytes across matched primary and metastatic breast carcinomas, 23 and in invasive primary breast carcinomas with associated DCIS. 24 Our data suggest that tumor immunobiology evolves as tumors progress. Little is known about the immune milieu of DCIS or how the antitumor immune response evolves as breast tumors progress from in situ to invasive and then metastatic lesions. Here, we profile the composition of tumor infiltrating lymphocytes and PD-L1 expression in 27 cases of DCIS with known ER, PR, and HER-2 expression.
Materials and methods

Case Selection and Tissue Microarray Construction
This study was approved by the Institutional Review Board of the Johns Hopkins Medical Institutions. We evaluated tissue microarrays previously constructed from archived, paraffin-embedded blocks of primary DCIS, 25 14-4777-80, dilution 1:50; eBioscience, San Diego, CA, USA) to characterize tumor infiltrating lymphocytes as previously described. 23 CD20, CD3, CD4, and CD8 expression was defined by membranous lymphocyte labeling, and FoxP3 expression was defined by nuclear labeling in lymphocytes. The total number of tumor infiltrating lymphocytes/high power field was manually counted in one high power field/tissue microarray tumor core, and averaged across the case to give the mean number of tumor infiltrating lymphocytes/high power field. Each high power field was chosen as representative of the overall tumor lymphocytic infiltration in each tumor core.
Tissue microarrays were stained for PD-L1 (B7-H1) using the murine anti-human PD-L1 antibody, clone 5H1 (2 μg/ml) with a paired isotype murine IgG1 control as previously described. 19 PD-L1 staining was scored by two pathologists (ET and ACM) blinded to patient clinicopathologic characteristics; discrepancies were adjudicated by a third pathologist (JT). PD-L1 staining on carcinoma cells and tumor infiltrating lymphocytes was scored by percent membranous staining. PD-L1 positivity by DCIS carcinoma cells was defined as 45% membranous staining. PD-L1 positivity in tumor infiltrating lymphocytes was scored as none (0), focal (1+; o 5%), moderate (2+; 5-50%), or marked (3+; 51-100%) percentage of tumor infiltrating lymphocytes expressing PD-L1. PD-L1 expression was also scored as low (≤50% tumor infiltrating lymphocytes) or high (450% of tumor infiltrating lymphocytes).
Statistical Analysis
Statistical analysis was performed using Fisher's exact test and paired, two-tailed Student's T-test.
Results
Clinicopathologic Features of DCIS Cases
The clinicopathologic features of 27 evaluable patients with DCIS are detailed in Table 1 . The median patient age was 38 years (mean 41 years, range 18-74), with 52% white, 26% black, 7% Asian, and 4% Hispanic patients. The DCIS phenotype of 26 evaluable patients included 62% luminal A, 15% luminal B, 12% HER-2 + , and 12% triple negative, for a total of 77% ER + and 23% ER − cases. The ER/PR/HER-2 status of one case could not be determined, and the case was not included in analyses that subdivided by DCIS phenotype. Most cases were nuclear grade 2 (52%) or grade 3 (44%). The average tumor size was 2.4 cm; 37% were multifocal. Twenty-four cases were pure DCIS (pathologic stage pTis), without any associated invasive carcinoma. Three cases had associated infiltrating ductal carcinoma, which were also present on the tissue microarray cores. Two of these cases were triple-negative DCIS and one was luminal A DCIS. The mean and median follow-up time were 82 months and 80 months (approximately 7 years), respectively. Two (7%) DCIS patients had an ipsilateral recurrence, both of which were nuclear grade 3; one patient with triple-negative DCIS and concurrent infiltrating ductal carcinoma developed recurrent infiltrating ductal carcinoma in the ipsilateral chest wall 1 year after initial diagnosis, and one patient with HER-2 + DCIS experienced recurrent ipsilateral DCIS 3 years after initial diagnosis. No patients received neoadjuvant therapy. All patients received adjuvant therapy for pure DCIS or infiltrating carcinoma as per the standard of care.
Quantification of Tumor Infiltrating Lymphocytes in DCIS
We first evaluated tumor infiltrating lymphocytes associated with DCIS by histopathologic density scoring on a scale from 0 to 3. All cases had tumor infiltrating lymphocytes, with 78% showing either moderate (score 2) or diffuse (score 3) tumor infiltrating lymphocyte density (Table 2 ). Only two cases (7%) contained diffuse tumor infiltrating lymphocytes. ER + DCIS and DCIS in older patients tended to have lower tumor infiltrating lymphocyte density scores than ER − DCIS or DCIS in younger patients (P = 0.28 and 0.32, respectively). There was only one case of grade 1 DCIS, precluding group wide comparison, and there was no discernible difference in tumor lymphocytic infiltration between the grade 2 DCIS and grade 3 DCIS.
We quantified subsets of tumor infiltrating lymphocytes using CD3, CD4, CD8, CD20, and FoxP3 staining. CD3 + T cells predominated across all DCIS subtypes at all ages, with slightly more CD4 + T cells than CD8 + T cells on average. CD20 + B cells were the next most common tumor infiltrating lymphocytes, followed by FoxP3 + Treg (Table 2) . On average, ER − DCIS contained higher numbers of all tumor infiltrating lymphocyte subsets than ER + DCIS, and ER + DCIS was more likely to have to have a high CD8/FoxP3 ratio (≥4) than ER − DCIS. DCIS in young women also contained higher numbers of all tumor infiltrating lymphocyte subsets relative to older women; however, these differences were not statistically significant. There was no difference in tumor infiltrating lymphocyte subset distribution between the nuclear grade 2 DCIS and grade 3 DCIS.
Although the case numbers are small and results should be interpreted with caution, differences in tumor infiltrating lymphocytes were also seen in DCIS with concurrent infiltrating ductal carcinoma (n = 3), and in DCIS that later recurred (n = 2). The two cases of DCIS with diffuse tumor infiltrating lymphocytes (score 3) were DCIS with concurrent infiltrating ductal carcinoma (P = 0.009). DCIS with concurrent infiltrating ductal carcinoma showed higher levels of infiltrating CD8 + T cells and CD20 + B cells than cases with only in situ disease, but this was not statistically significant. DCIS that recurred had higher numbers of all tumor infiltrating lymphocyte subsets relative to DCIS that did not recur. DCIS that recurred also had the greatest number of CD8 + T cells of any subset of DCIS cases examined. However, this DCIS phenotype also showed a lower CD8/FoxP3 ratio, indicating a commensurate increase in regulatory T cells in these two cases. 
Abbreviations: cm, centimeter; DCIS, ductal carcinoma in situ; HER-2, human epidermal growth factor 2; n, number; NR, not reported. a The phenotype for one case was unable to be determined.
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PD-L1 Expression in DCIS and Tumor Infiltrating Lymphocytes
We next examined the cell surface expression of PD-L1 by DCIS tumor cells and associated tumor infiltrating lymphocytes. There was no expression of PD-L1 on DCIS tumor cells in any case, although non-specific PD-L1 staining was seen within the necrotic debris of central comedonecrosis. In DCIS with concurrent infiltrating ductal carcinoma (n = 3), the PD-L1 status was concordant (negative) between in situ and invasive components, as we have previously reported. 24 Although DCIS tumor cells were PD-L1 − , 81% of the DCIS cases showed PD-L1 expression by tumor infiltrating lymphocytes ( Figure 1a and b and Table 2 ). All DCIS cases with PD-L1 − tumor infiltrating lymphocytes were of the ER + luminal A phenotype (P = 0.12) (Figure 1c and  d) , while all ER − cases had PD-L1 + tumor infiltrating lymphocytes (Table 3) . PD-L1 expression was also scored as low (≤50% of tumor infiltrating lymphocytes) or high (450% of tumor infiltrating lymphocytes). All luminal A, luminal B, and HER-2 + DCIS with PD-L1 + tumor infiltrating lymphocytes showed low PD-L1 expression on tumor infiltrating lymphocytes (Table 3 ). In contrast, 100% of triple-negative DCIS had high expression of PD-L1 on tumor infiltrating lymphocytes (P = 0.0008). In addition, all cases with high expression of PD-L1 on tumor infiltrating lymphocytes were nuclear grade 3 DCIS compared with nuclear grade 2 (P = 0.07) ( Table 3 ). The average age of DCIS patients with PD-L1 + and PD-L1 − tumor infiltrating lymphocytes was 38 and 54 years (P = 0.01), respectively, with 80% of DCIS containing PD-L1 − tumor infiltrating lymphocytes occurred in older patients (P = 0.02). All high-risk DCIS (concurrent infiltrating ductal carcinoma and recurrent DCIS) had PD-L1 + tumor infiltrating lymphocytes, though this was not statistically significant.
DCIS with low tumor infiltrating lymphocyte density scores (score 1) was more likely to be PD-L1 − than PD-L1 + (P = 0.004). In contrast, cases of DCIS with moderate or diffuse tumor infiltrating lymphocyte density scores (scores 2-3) were more likely to be PD-L1 + than PD-L1 − (Figure 2 and Table 2 ). DCIS with PD-L1 + tumor infiltrating lymphocytes had higher numbers of tumor infiltrating lymphocytes across all subsets examined when compared to tumors with PD-L1 − tumor infiltrating lymphocytes, though this was not statistically significant ( Figure 2 and Table 2 ). Both PD-L1 + and PD-L1 − DCIS had similar CD8/FoxP3 ratios.
Discussion
Here, we evaluate tumor infiltrating lymphocyte composition and PD-L1 expression in breast DCIS. Our cohort is primarily pure DCIS of nuclear grade 2-3, and our data reveal several characteristics of this cohort. First, tumor infiltrating lymphocytes are present within all cases of DCIS examined. A trend toward different patterns of tumor infiltrating lymphocyte distribution and CD8/Foxp3 ratios are seen in ER − relative to ER + DCIS and younger women relative to older women with DCIS. Second, while DCIS carcinoma cells do not express cell surface PD-L1 in this study, the majority of DCIS-associated tumor infiltrating lymphocytes are PD-L1 + . The three DCIS cases with high PD-L1 expression on tumor infiltrating lymphocytes (450% PD-L1 + tumor infiltrating lymphocytes) are triple negative and high nuclear grade. In three cases where DCIS was associated with concurrent infiltrating ductal carcinoma, no cell surface PD-L1 expression was seen on the carcinoma cells of either the in situ or invasive component. Although the conclusions are limited by the small number of cases with concurrent invasion, this finding is in agreement with our previous study showing concordance of carcinoma cell PD-L1 status by frank infiltrating ductal carcinoma and its associated DCIS. 24 Third, PD-L1 expression by tumor infiltrating lymphocytes is associated with a younger patient age. Fourth, PD-L1 expression by tumor infiltrating lymphocytes is associated with higher overall levels of tumor infiltrating lymphocytes within DCIS. Our findings suggest an active immune response within breast DCIS and support tumor infiltrating lymphocyte expression of PD-L1 as a marker of downregulation of the body's immune response within DCIS. The presence of PD-L1 + tumor infiltrating lymphocytes with in situ breast carcinoma suggests that investigation of immune-based therapies may be warranted even in pre-invasive disease.
Most studies of the immunobiology of breast carcinomas have focused on frankly invasive primary breast carcinomas, with little attention to immune infiltrates associated with in situ lesions. Studies in mouse models of breast cancer have identified robust CD8 + T-cell responses associated with hyperplastic, pre-neoplastic lesions. 28 Genomic analyses of DCIS and invasive breast cancers reveal activation of interleukin signaling pathway profiles, extracellular matrix pathways, and cell-cell adhesion pathways; activation of these pathways is absent or low in adjacent benign breast tissues. Furthermore, genomic profiling of DCIS shows patterns consistent with cytotoxic T-cell signaling, expression of chemokines known to recruit T cells, IFN-a signaling, and NOX4 activity, an oxygen-sensing NADPH oxidase related to the production of reactive oxygen species by granulocytes. 14 One study reported clusters of tumor infiltrating lymphocytes adjacent to involved ducts or in the interductal stroma, often associated with plump endothelial-lined vessels suggestive of high endothelial venule-like vasculature. 29 DC-based vaccination of DCIS patients also suggest that distinct DCIS phenotypes may have different immunogenicity at baseline, as vaccination produced more complete responses in ER − DCIS than in ER + DCIS. 30, 31 Our findings suggest that an active adaptive immune response may exist within DCIS. Nuclear grade 2-3 DCIS is associated with tumor infiltrating lymphocyte phenotypes similar to those seen in invasive breast carcinomas. This includes higher levels of tumor 
Nuclear grade
Abbreviations: DCIS, ductal carcinoma in situ; HER-2, human epidermal growth factor 2; hi, high; lo, low; n, number; neg, negative; yr, years old. a PD-L1 hi expression was defined as 450% tumor infiltrating lymphocytes with PD-L1 labeling. b PD-L1 lo expression was defined as ≤50% TIL with PD-L1 labeling.
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infiltrating lymphocytes in ER − tumors, 11 higher levels of FoxP3 + Tregs in ER − tumors, 13 strong expression of PD-L1 in ER − tumors and triple-negative breast carcinomas, 11 and tumor infiltrating lymphocyte PD-L1 expression when higher overall levels of tumor infiltrating lymphocytes are present. 21 The two cases of DCIS that eventually recurred had large numbers of tumor infiltrating lymphocytes, but high levels of FoxP3 + Treg. Although the conclusions are limited by the small number of recurrences in this series, our data are consistent with prior reports that increased numbers of FoxP3 + Tregs in DCIS are associated with increased recurrence risk. 10 These data together suggest that even very early immune responses to breast DCIS may predict future disease behavior. Our work also demonstrates that while DCIS tumor cells lack PD-L1 expression, the majority of tumor infiltrating lymphocytes associated with DCIS do express PD-L1. We have previously shown that the majority of tumor infiltrating lymphocytes associated with infiltrating ductal carcinoma also express PD-L1, 24 but that 21% primary infiltrating ductal carcinoma have PD-L1 + carcinoma cells. This dichotomy suggests there may be differences between the character of the immune response to in situ and invasive disease. Little is known about the evolution of the immune response and immunologic alterations within the tumor microenvironment along the continuum from in situ to invasive disease. It is not clear whether DCIS eventually develops expression of PD-L1 and gives rise to PD-L1 + invasive carcinoma, or if, alternatively, the presence of an invasive PD-L1 + tumor modulates the immune response within DCIS, leading to expression of PD-L1 by the DCIS tumor cells. If the infiltrating component does not generate a robust enough immune response, then insufficient IFN-g may be generated to upregulate PD-L1 on the surface of DCIS cells. Studies are needed to elucidate the mechanisms behind the lack of PD-L1 expression by pure DCIS and the expression of PD-L1 by invasive tumors.
In addition, there is limited data on the spatial distribution of the immune response within either DCIS or invasive ductal carcinoma. In other tumor types, PD-L1 expression is often seen expressed primarily at the 'leading edge' of the tumor or at the tumor-stromal interface. 19 This supports the possibility that interactions between invasive tumors and the stromal/immune environment drive PD-L1 expression on tumor cells, which could then modulate the immune milieu of associated in situ lesions. In studies of melanoma, IFN-g and other cytokines were shown to colocalize with tumor cells in PD-L1 + tumors, but not in PD-L1 − tumors. 19, 32 Such spatial distribution of inflammatory mediators could also contribute to differences in PD-L1 expression in DCIS and invasive breast carcinoma. Indeed, pure DCIS lesions are architecturally distinct from most invasive carcinomas because, while some DCIS are mass-forming lesions that spatially have a 'leading edge,' the majority of DCIS spread diffusely, segmentally, or irregularly through the breast ducts and lack a distinct 'leading edge. ' The expression of immune checkpoint molecules in DCIS identifies them as potential targets for DCIS therapy and secondary breast cancer prevention. DCIS can be responsive to immune-based therapy, 30, 31, 33 and PD-L1 antagonists are active in triple-negative breast carcinomas. 34, 35 Although PD-L1 is not expressed on the surface of DCIS tumor cells in pure in situ lesions, the expression of PD-L1 by DCIS tumor infiltrating lymphocytes suggests that targeting PD-L1 is worth investigating as a treatment strategy for high-risk DCIS. ER − and HER-2 + DCIS and DCIS in young women have the greatest numbers of tumor infiltrating lymphocytes. These patients may be ideal for testing immune-based breast cancer prevention strategies, and this may be particularly true for young women who have a higher DCIS CD8/FoxP3 ratio.
Additionally, we examine tumor infiltrating lymphocyte subsets and PD-L1 expression in DCIS classified into subtypes by ER, PR, and HER-2 status. Our study is limited by the small sample size and lack of nuclear grade 1 cases. In addition, the tissue microarray methodology limits analysis of the geography of tumor infiltrating lymphocytes and PD-L1 expression, including the 'leading edge' of tumors known to be immunologically important in invasive carcinomas. 36 However, 2-5 cores per tumor were taken to mitigate sampling limitations. Moreover, DCIS also tends to be more diffuse or segmental than invasive breast cancers, which tend to be mass forming, potentially limiting the importance of the 'leading edge' in purely in situ lesions. Finally, the tissue microarray methodology also limits our ability to detect lymphoid aggregates, which have been shown to be important in invasive breast carcinomas. 2 In conclusion, we demonstrate differential patterns of tumor infiltrating lymphocyte infiltrates in distinct phenotypes of DCIS. Differences are seen relative to ER expression and patient age. Additional studies are needed to further characterize the association of immune parameters with the presence of concurrent infiltrating ductal carcinoma and eventual recurrence in DCIS. We previously reported differential patterns of tumor infiltrating lymphocytes across matched primary and metastatic breast carcinomas. 23 Our findings in breast DCIS are similar to patterns of tumor infiltrating lymphocytes in primary breast carcinomas, and distinct from patterns of tumor infiltrating lymphocytes in metastatic breast carcinomas. The presence of tumor infiltrating lymphocytes in DCIS, combined with the expression of PD-L1 on tumor infiltrating lymphocytes within the DCIS microenvironment, suggests the potential for immune-based therapies to treat DCIS. Further characterization of the DCIS immune microenvironment may yield additional targets for immune-based therapy and prevention of recurrence, and may help elucidate the role of the immune response in the evolution of breast cancer from in situ to invasive and ultimately to recurrent or metastatic disease.
